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想的反应条件是：钯负载量为 5%，甲烷压力 4.0 MPa，反应温度 453 K，反应时
间 4 h，此时，甲烷转化率为 23.6%，甲醇选择性达 69.5%。与 5%Pd/BaSO4 催化
剂相比，5%Pd/C 催化剂的甲醇收率要低些，但 Pd/BaSO4 催化剂呈粉末状，在发
烟硫酸体系中难以实现催化剂的多次循环使用。XRD、HRTEM、XPS、ICP-AES
和 CO 吸脱附测定表明，该体系的催化活性物种可能是反应原位产生于活性炭表
面的 Pd2+；当 Pd/C 催化剂进行循环使用时，反应转化率和选择性虽略有下降，
但可多次复用，其性能的变化与反应过程中金属钯的流失和分散度下降等因素密
切相关。 
(2) 考察了若干钒催化剂在乙腈溶液中以 H2O2 为氧化剂对甲烷选择氧化生成甲
酸的催化性能。结果表明，VOSO4 具有较佳的催化性能，其催化性能与催化剂
和双氧水的用量、反应条件等有关。在反应温度 333 K，甲烷 3.0 MPa 时，该催




















Selective oxidation of methane to produce oxygenates remain one of the challenges 
in catalysis field. The reaction carried out in liquid phase with homogeneous catalysts 
becomes an important topic in this area due to its much gentle conditions over 
heterogeneous system. The conversion and selectivity varies in different solvent 
system which further enrich its connotation. In the present work, the selective 
oxidation of methane has been investigated in oleum with Pd/C catalysts and in 
acetonitrile with V-based catalysts. The main achievements are summarized as 
follows. 
(1) The Pd/C catalysts with different palladium loadings were prepared by 
impregnation using PdCl2 as precursor. In all case, the major product in liquid phase 
was methyl sulfate with small mount of dimethyl sulfate. Both of them could be 
hydrolyzed into methanol. There was considerable amount of CO2 in gas phase. 
Compared to palladium black, Pd/C catalyst showed better performance in terms of 
methane conversion and methanol yield. When the reaction was conducted with 
5%Pd/C under the conditions of 4.0 MPa, 453 K and 4 h, a methane conversion of 
23.6% with methanol selectivity of 69.5% was achieved. Characteristic studies by 
means of XRD, HRTEM, XPS, ICP-AES and CO adsorption showed that the active 
species might be Pd2+, which was generated in situ in the surface of active carbon. 
The Pd/C catalyst was recyclable, although its conversion and the selectivity showed 
gradual declines. The changes in catalytic performance during the catalyst reuse were 
mainly due to the leaching of palladium and the decrease in the palladium dispersion.   
(2) On the other hand, several V-based catalysts were employed for the selective 
oxidation of methane in acetonitrile in the presence of H2O2. The result showed that 
the VOSO4 afforded the best performance. The activity was associated with several 
parameters, such as the amounts of catalyst and H2O2 and the reaction conditions. A 
methane conversion of 6.4% with the selectivity to formic acid at 51.6% was obtained 
over the VOSO4 catalyst. The results of UV-Vis spectra and radical scavenger 
influence indicated that the reaction might be underwent a radical mechanism. 
 
Key words: methane, liquid phase oxidation, Pd/C, oleum, VOSO4, H2O2, methanol, 
















































































电子能量/au -53.25 4 个 H 原子能量/au -2.00 
核排斥能/au 13.29 成键能量/au -0.63 
分子总能量/au -39.96 键长/nm -0.11 
键能(CH3-H)/au -0.15 键角/(°) 109.5 















表 1.2 甲烷一些 简单反应在不同温度下的标准自由能变化 
Table 1.2 Gibbs free energy variations for some reactions related to methane 
conversions 
ΔG0 / (Kcal/mol) 
反应 
400 K 1000 K 
2CH4→C2H4+2H2 18.9 9.5 
2CH4→C2H6+2H2 8.6 8.5 
2CH4+O2→C2H4+2H2O -34.6 -36.4 
2CH4+1/2O2→C2H6+H2O -18.4 -14.5 
CH4+Cl2→CH3Cl+HCl -26.0 -27.8 
CH4+Br2→CH3Cl+HBr -8.4 -10.3 
CH4+I2→CH3Cl+HI 12.5 9.0 
CH4+1/2O2→CH3OH -25.4 -18.0 
CH4+O2→CH2O+H2O -69 -71.2 
CH4+S→CH3SH -6.4 -7.8 
CH4+CO→CH3CHO 16.0 33.6 
CH4+CO2→CH3COOH 19.2 35.5 
CH4+H2O→CO+3H2 28.6 -6.5 
CH4+CO+1/2O2→CH3COOH -40.0 -10.0 






















































MN+         +       CH3—H MN+—CH3      +       H+
Nu:-
M(N-2)+      +      R-Nu    +   H+
[Ox]
Ox=2e- oxidant; Nu-=nucleophile.  
 
图 1.2 目前报道的 C-H 键活化的基本模式 
































反应体系[13]。他们在 100％的 H2SO4 溶液中以 H2SO4 为氧化剂，HgSO4 为催化剂，
甲烷压力 3.45 MPa，453 K 下反应 3 h，获得了 50％的甲烷转化率和 85％的硫酸
单甲酯选择性。反应机理如图 1.3 所示：  
  







图 1.3 Hg2+催化甲烷氧化反应的可能机理 


















金属离子的稳定性就成为该小组设计催化剂的关键所在。1998 年 Periana 等成功
的合成了联二嘧啶铂配合物，并以此为催化剂，在 493 K，甲烷压力 3.5 MPa 下，
使甲烷的转化率和硫酸单甲酯的选择性分别高达 81％和 90％[14](图 1.4)。这是到






































图 1.4 联二嘧啶配合物氧化甲烷反应的可能机理 
Figure 1.4 Proposed reaction mechanism for the oxidation of methane  





















反应机理极其类似。但 Davico 对此体系进行研究后，认为在反应中对甲烷的 C-H
键起活化作用的是 I+而不是 I2+[18](图 1.5)。 
 













图 1.5 I-在发烟硫酸中对甲烷中 C-H 键亲电活化的反应机理 
Figure 1.5 Proposed mechanism for the electrophilic activation of the C-H bond 






值得一提的是，2004 年 Periana 小组发现在硫酸中以 Au3+作为催化剂催化甲
















1。若改用氧化性更强 H2SeO4 为氧化剂时，可在 450 K 下，甲烷压力为 2.7 MPa, 























图 1.6 Au 催化甲烷氧化反应的可能机理 
Figure 1.6 Possible pathway for the gold-catalyzed methane oxidation 
 
近，Tang 等发现以离子液体为反应介质，不仅能够促进 PtCl2 或 PtO2 在
H2SO4 的溶解，并能与催化剂形成配位进一步提高反应的选择性[21]。在反应温度
493 K，甲烷压力 3.4 MPa 下，反应 2.5 h 后比(bpym)PtCl2 为催化剂的 TON 提高






2003 年 Periana 小组报道了在硫酸中以 Pd2+为催化剂时，甲烷可一步氧化生














Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.
厦
门
大
学
博
硕
士
论
文
摘
要
库
